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Abstract: A number of techniques exist to use an ensemble of atoms as a quantum
memory for light. Many of these propose to use backward retrieval as a way to improve
the storage and recall efficiency. We report on a demonstration of an off-resonant Raman
memory that uses backward retrieval to achieve an efficiency of 65±6% at a storage time
of one pulse duration. The memory has a characteristic decay time of 60 µs, corresponding
to a delay-bandwidth product of 160.
References and links
1. N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin, “Quantum repeaters based on atomic
ensembles and linear optics,” Rev. Mod. Phys. 83, 33–80 (2011).
2. H.-J. Briegel, W. Du¨r, J. I. Cirac, and P. Zoller, “Quantum repeaters: The role of imperfect local
operations in quantum communication,” Phys. Rev. Lett. 81, 5932–5935 (1998).
3. J. Nunn, N. K. Langford, W. S. Kolthammer, T. F. M. Champion, M. R. Sprague, P. S. Michelberger,
X.-M. Jin, D. G. England, and I. A. Walmsley, “Enhancing multiphoton rates with quantum
memories,” Phys. Rev. Lett. 110, 133601 (2013).
4. D. Felinto, C. W. Chou, J. Laurat, E. W. Schomburg, H. de Riedmatten, and H. J. Kimble,
“Conditional control of the quantum states of remote atomic memories for quantum networking,”
Nat. Phys. 2, 844–848 (2006).
5. M. Afzelius, C. Simon, H. De Riedmatten, and N. Gisin, “Multimode quantum memory based on
atomic frequency combs,” Phys. Rev. A 79, 052329 (2009).
6. A. E. Kozhekin, K. Mølmer, and E. Polzik, “Quantum memory for light,” Phys. Rev. A 62, 033809
(2000).
7. S. A. Moiseev and S. Kro¨ll, “Complete Reconstruction of the Quantum State of a Single-Photon
Wave Packet Absorbed by a Doppler-Broadened Transition,” Phys. Rev. Lett. 87, 173601 (2001).
8. G. He´tet, J. J. Longdell, A. L. Alexander, P. K. Lam, and M. J. Sellars, “Electro-Optic Quantum
Memory for Light Using Two-Level Atoms,” Phys. Rev. Lett 100, 023601 (2008).
9. J. J. Longdell, G. He´tet, P. K. Lam, and M. J. Sellars, “Analytic treatment of controlled reversible
inhomogeneous broadening quantum memories for light using two-level atoms,” Phys. Rev. A 78,
032337 (2008).
10. A. V. Gorshkov, A. Andre´, M. D. Lukin, and A. S. Sørensen, “Photon storage in Λ-type optically
dense atomic media. ii. free-space model,” Phys. Rev. A 76, 033805 (2007).
11. J. Nunn, I. A. Walmsley, M. G. Raymer, K. Surmacz, F. C. Waldermann, Z. Wang, and D. Jaksch,
“Mapping broadband single-photon wave packets into an atomic memory,” Phys. Rev. A 75, 011401
(2007).
12. J.-L. Le Goue¨t and P. R. Berman, “Raman scheme for adjustable-bandwidth quantum memory,”
Phys. Rev. A 80, 012320 (2009).
13. S. A. Moiseev and W. Tittel, “Optical quantum memory with generalized time-reversible atom-light
interaction,” New J. Phys. 13, 063035 (2011).
14. K. F. Reim, P. Michelberger, K. C. Lee, J. Nunn, N. K. Langford, and I. A. Walmsley, “Single-
Photon-Level Quantum Memory at Room Temperature,” Phys. Rev. Lett. 107, 053603 (2011).
15. D. G. England, P. S. Michelberger, T. F. M. Champion, K. F. Reim, K. C. Lee, M. R. Sprague, X.-M.
Jin, N. K. Langford, W. S. Kolthammer, J. Nunn, and I. A. Walmsley, “High-fidelity polarization
storage in a gigahertz bandwidth quantum memory,” J. Phys. B 45, 124008 (2012).
ar
X
iv
:1
80
5.
01
08
0v
1 
 [q
ua
nt-
ph
]  
3 M
ay
 20
18
16. J. Nunn, K. Reim, K. C. Lee, V. O. Lorenz, B. J. Sussman, I. A. Walmsley, and D. Jaksch,“Multimode
memories in atomic ensembles,” Phys. Rev. Lett. 101 (2008).
17. M. R. Sprague, P. S. Michelberger, T. F. M. Champion, D. G. England, J. Nunn, X.-M. Jin, W. S.
Kolthammer, A. Abdolvand, P. S. J. Russell, and I. A. Walmsley, “Broadband single-photon-level
memory in a hollow-core photonic crystal fibre,” Nat. Photonics 8, 287–291 (2014).
18. P. J. Bustard, R. Lausten, D. G. England, and B. J. Sussman, “Toward quantum processing in
molecules: A THz-bandwidth coherent memory for light,” Phys. Rev. Lett. 111, 083901 (2013).
19. K. C. Lee, B. J. Sussman, M. R. Sprague, P. Michelberger, K. F. Reim, J. Nunn, N. K. Langford, P. J.
Bustard, D. Jaksch, and I. A. Walmsley, “Macroscopic non-classical states and terahertz quantum
processing in room-temperature diamond,” Nat. Photonics 6, 41–44 (2012).
20. D.-S. Ding, W. Zhang, Z.-Y. Zhou, S. Shi, G.-Y. Xiang, X.-S. Wang, Y.-K. Jiang, B.-S. Shi, and
G.-C. Guo, “Quantum storage of orbital angular momentum entanglement in an atomic ensemble,”
Phys. Rev. Lett. 114, 050502 (2015).
21. F. Grosshans and P. Grangier, “Quantum cloning and teleportation criteria for continuous quantum
variables,” Phys. Rev. A 64, 010301 (2001).
22. W. Ketterle, K. B. Davis, M. A. Joffe, A. Martin, and D. E. Pritchard, “High densities of cold atoms
in a dark spontaneous-force optical trap,” Phys. Rev. Lett. 70, 2253–2256 (1993).
23. M. Hush, “M-loop: Machine-learning online optimization package,” (2016).
24. P. B. Wigley, P. J. Everitt, A. v. d. Hengel, J. W. Bastian, M. A. Sooriyabandara, G. D. McDonald,
K. S. Hardman, C. D. Quinlivan, P. Manju, C. C. N. Kuhn, I. R. Petersen, A. N. Luiten, J. J.
Hope, N. P. Robins, and M. R. Hush, “Fast machine-learning online optimization of ultra-cold-atom
experiments,” Sci. Rep. 6, srep25890 (2016).
25. S. Mavadia, V. Frey, J. Sastrawan, S. Dona, and M. J. Biercuk,“Prediction and real-time compensation
of qubit decoherence via machine learning,” Nat. Comm. 8, ncomms14106 (2017).
26. M. August and X. Ni, “Using recurrent neural networks to optimize dynamical decoupling for
quantum memory,” Phys. Rev. A 95, 012335 (2017).
27. N. Sangouard, C. Simon, M. Afzelius, and N. Gisin, “Analysis of a quantum memory for photons
based on controlled reversible inhomogeneous broadening,” Phys. Rev. A 75, 032327 (2007).
28. K. Surmacz, J. Nunn, K. Reim, K. C. Lee, V. O. Lorenz, B. Sussman, I. A. Walmsley, and D. Jaksch,
“Efficient spatially resolved multimode quantum memory,” Phys. Rev. A 78, 033806 (2008).
29. P. S. Michelberger, T. F. M. Champion, M. R. Sprague, K. T. Kaczmarek, M. Barbieri, X. M. Jin,
D. G. England, W. S. Kolthammer, D. J. Saunders, J. Nunn, and I. A. Walmsley, “Interfacing
GHz-bandwidth heralded single photons with a warm vapour Raman memory,” New J. Phys. 17,
043006 (2015).
30. D. J. Saunders, J. H. D. Munns, T. F. M. Champion, C. Qiu, K. T. Kaczmarek, E. Poem, P. M.
Ledingham, I. A. Walmsley, and J. Nunn, “Cavity-enhanced room-temperature broadband raman
memory,” Phys. Rev. Lett. 116, 090501 (2016).
31. K. F. Reim, J. Nunn, X.-M. Jin, P. S. Michelberger, T. F. M. Champion, D. G. England, K. C.
Lee, W. S. Kolthammer, N. K. Langford, and I. A. Walmsley, “Multipulse Addressing of a Raman
Quantum Memory: Configurable Beam Splitting and Efficient Readout,” Phys. Rev. Lett. 108,
263602 (2012).
32. K. F. Reim, J. Nunn, V. O. Lorenz, B. J. Sussman, K. C. Lee, N. K. Langford, D. Jaksch, and I. A.
Walmsley, “Towards high-speed optical quantum memories,” Nat. Photonics 4, 218–221 (2010).
33. S. D. Jenkins, T. Zhang, and T. A. B. Kennedy, “Motional dephasing of atomic clock spin waves in
an optical lattice,” J. Phys. B 45, 124005 (2012).
34. G. Campbell, M. Hosseini, B. M. Sparkes, P. K. Lam, and B. C. Buchler,“Time- and frequency-domain
polariton interference,” New J. Phys. 14, 033022 (2012).
35. O. Pinel, J. L. Everett, M. Hosseini, G. T. Campbell, B. C. Buchler, and P. K. Lam, “A mirrorless
spinwave resonator,” Sic. Rep. 5, srep17633 (2015).
36. A. Datta, L. Zhang, J. Nunn, N. K. Langford, A. Feito, M. B. Plenio, and I. A. Walmsley, “Compact
Continuous-Variable Entanglement Distillation,” Phys. Rev. Lett. 108, 060502 (2012).
37. D. A. Braje, V. Balic´, S. Goda, G. Y. Yin, and S. E. Harris, “Frequency mixing using electromagnet-
ically induced transparency in cold atoms,” Phys. Rev. Lett. 93, 183601 (2004).
38. K. Tikhonov, T. Golubeva, and Y. Golubev, “Atomic thermal motion effect on efficiency of a
high-speed quantum memory,” Eur. Phys. J. D 69, 252 (2015).
39. B. Chen, K. Zhang, C. Bian, C. Qiu, C.-H. Yuan, L. Q. Chen, Z. Y. Ou, and W. Zhang, “Efficient
raman frequency conversion by coherent feedback at low light intensity,” Opt. Express 21, 10490–
10495 (2013).
40. J. Guo, L. Q. Chen, P. Yang, Z. Li, Y. Wu, X. Feng, C.-H. Yuan, Z. Y. Ou, and W. Zhang, “88%
conversion efficiency with an atomic spin wave mediated mode selection,” Opt. Lett. 42, 1752–1755
(2017).
1. Introduction
Developing quantum memories for light is an important challenge for implementing
long-distance quantum networks [1, 2] or optical quantum computers [3, 4]. To this end,
a wide variety of memory platforms and protocols have been developed to store and
retrieve photons or other quantum states of light. Many of these rely on absorbing
or scattering the information carried by the light into an ensemble of atoms in such
a way that it can be converted back into light at a later time. One of the difficulties
to doing so efficiently is that, once retrieved, the light may be re-absorbed by atoms
in the ensemble. To avoid re-absorption, most quantum memory protocols use either
backward retrieval [5–7] or a spatial inversion of the ensemble [8, 9] to exploit a time-
reversal symmetry in the dynamics of the light-atom system [10–13] . While higher recall
efficiencies can in principle be achieved using backward retrieval, most experimental
demonstrations of memory protocols use forward retrieval for simplicity.
One protocol that shows particular promise for the storage of high-bandwidth quantum
information is the off-resonant Raman memory. This technique uses a strong, pulsed
optical control field to coherently scatter a weaker signal field, encoding the information
carried by the signal into a long-lived spin state of the atomic ensemble. A second control
field pulse scatters the stored information back into an optical signal. This approach
with forward retrieval has been used to demonstrate single-photon [14] , high-fidelity [15],
or multimode [16] memories in warm atomic vapour, quantum memory in hollow-
core fibres [17], and terahertz-bandwidth storage in molecules [18] and diamond [19].
Raman memory has also enabled the storage of polarisation entanglement in cold atomic
ensembles [20]. Specifically in this protocol, backward retrieval maximises the use of the
optical depth of the ensemble on the storage and retrieval steps, whereas forward-retrieval
schemes necessarily compromise on each of these to maximise the overall efficiency [10].
Here we report the first demonstration of an off-resonant Raman memory that uses
backward retrieval. We implement the memory using a cloud of cold atoms with an
optical depth (OD) of 300. We achieved a recall efficiency of 65± 6% and, under different
conditions, a delay-bandwidth product of 160. It is the first reported Raman memory
with an efficiency above 50%, which is an important criterion for unconditional security
in quantum communication protocols [21].
2. Atomic ensemble preparation
Preparation of cold atoms A 5 cm-long cloud of rubidium-87 atoms is prepared
using an elongated magneto-optical trap with dynamic control of the magnetic gradient,
cooling beam frequency and repump intensity.
The two-dimensional magneto-optical trap consists of a set of coils for radial confine-
ment with a magnetic gradient of 6G cm−1, completed by a pair of coils for longitudinal
capping, and three retro-reflected two-inch-diameter cooling beams that intersect at the
zero-magnetic-field location. The atomic transitions involved in the ensemble preparation
is shown in Fig. 1. A 20ms sequence further compresses and cools the ensemble by
employing the temporal dark spontaneous-force optical trapping (SPOT) technique [22].
Simultaneously, the current in the radial confinement coils is increased to reduce the
size of the trap and compress the atoms, thereby increasing the axial optical depth. The
Earth’s magnetic field is cancelled by a set of three orthogonal 1-meter-diameter coils
and a uniform bias magnetic field of 0.5 G is applied along the optical axis direction
to lift the degeneracy between the Zeeman sub-levels and the atoms are transferred to
the |1〉 = |5S1/2, F = 2,mF = +2〉 edge state using a ∼0.7mWcm−2 σ+-polarised optical
pumping beam at the same frequency as the cooling beam, along the quantisation axis.
trapping
repump
optical pumping
Fig. 1. The atomic level configuration. Trapping is performed with light that
is red-detuned from the |5S1/2, F = 2〉 → |5P3/2, F ′ = 3〉 transition and a repump
is applied on the |5S1/2, F = 1〉 → |5P3/2, F ′ = 2〉 transition. After trapping and
compression of the ensemble, a σ+-polarized optical pumping beam is applied
to the |5S1/2, F = 1〉 → |5P3/2, F ′ = 2〉 transition in conjunction with the repump
to populate the |5S1/2, F = 2,m f = +2〉 state. Inset: Left: A signal E+ traverses an
elongated atomic cloud where a two-photon resonant control beam Ω+ converts it
to a collective atomic excitation. Right: A backward-propagating control beam
Ω− subsequently retrieves the signal in the backward direction, as E−.
See Fig. 2 for the detailed sequence of the ensemble preparation parameters.
Machine-learned compression-and-cooling sequence For an enhanced compres-
sion, cooling and optical pumping sequence, control over the time profile of the cooling
frequency, repump frequency and magnetic gradient is given to a machine-learning algo-
rithm. The ensemble compression phase is divided into 20 time bins of 1ms. The values
of the repump frequency and magnetic gradient at each time bin are parameterised to
linear ramps only. During the temporal dark SPOT the repump frequency is red-detuned
from resonance by 32MHz. The trapping frequency is divided into 5 time bins over a
period of 1ms during a polarisation-gradient cooling (PGC) and optical pumping phase,
which we call the preparation phase. The values at these points are not restricted to a
28 G/cm6 G/cm
-24 MHz
0.1 mW/cm²
1.7 mW/cm²
Optical pumping 0.1 mW/cm²
-68 MHz
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magnetic field
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Preparation
(1 ms)
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(20 ms) 
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(400 ms)
Cooling beams
Signal/OD Probe
Control
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time
Fig. 2. The atomic preparation sequence. The compression and polarisation-
gradient cooling sequences are divided into 20 and 5 time bins, respectively, and
are passed onto a machine-learning algorithm. This algorithm determines the
optimal values of repump and cooling beam frequencies, and current through the
transverse coils for magnetic trapping. A typical optimised set of parameters is
presented here.
ramp and can be changed independently.
The machine-learning optimisation is based on a learner which uses a Gaussian process
to infer a statistical model [23]. A similar method has recently been used to optimise the
evaporative cooling of a Bose-Einstein condensate [24], but also dynamical decoupling [25]
and feedback control of a qubit [26].
A probe pulse close to resonance on the |1〉 → |5P1/2, F ′ = 1〉 transition replaces
the signal in the experiment sequence, shown in Fig. 2. The absorption of this probe
is monitored by a detector (Thorlabs APD120A) placed in the beam path after the
atoms, which we call the forward detector, whose signal is used as feedback for the
machine-learning algorithm. The amount of absorption is linked to the OD. We define
transmission to be the cost function, which is actively minimised.
The experimental conditions vary noticeably over days. The optimal parameters for
cooling and compression are investigated once a day, before each memory run. A typical
profile of the resulting compression and preparation sequence is presented in Fig. 2.
3. Backward-Raman memory
Memory scheme, relevant transitions The Raman memory scheme consists of
converting an incoming signal light pulse into a spin-wave between the two hyperfine
ground levels of rubidium 87: |1〉 = |5S1/2, F = 2,mF = +2〉 and |2〉 = |5S1/2, F = 1,mF = 0〉.
The signal, denoted E+, is blue-detuned by 230MHz from the transition |1〉 → |3〉 =
|5P1/2, F ′ = 1,mF′ = +1〉. A forward-propagating control, denoted Ω+, equally detuned
from |2〉 → |3〉, forms an angle of ≈ 6mrad with the signal. The Ω+ control maps the
signal onto a spin-wave. A symmetrically(red)-detuned control, Ω−, is a mirror image of
Ω+. Ω− addresses the spin-wave and couples it to the 230MHz-red-detuned signal, noted
E−, which is the counter-propagating version of E+ in the same spatial mode (see Fig. 3).
Control and signal laser light is provided by a titanium-sapphire laser (MSquared
SolsTiS) which is frequency-locked to the saturated absorption of the |2〉 → |5P1/2, F ′ = 1〉
transition of rubidium-87 around 795 nm. Light resonant with the |1〉 → |5P1/2, F ′ = 1〉
transition is obtained from filtering out the +6.8GHz sideband of an EOM-phase-
modulated beam. Acousto-optical modulators enable independent temporal pulse shaping
of the signal and the forward and backward control beams.
Fig. 3. The signal E+ traverses the atomic cloud where a two-photon resonant
control beam Ω+ converts it to a collective atomic excitation. A reference without
atoms or the fraction which is not absorbed is monitored on the right-hand
detector. A backward-propagating control Ω− subsequently retrieves the signal in
the backward direction, as E− which is sent to the left-hand detector.
3.1. Storage-and-retrieval efficiency
A Gaussian-shaped signal pulse with a full width at half-maximum of 5 µs is coherently
mapped onto the atomic ensemble and subsequently recalled in the backward direction
with a pair of forward and backward Gaussian-shaped control pulses. The width, delay,
and intensity of the forward control pulse for storage is optimised to minimise the leakage
of signal light through the atoms. We found that the optimal storage control pulse
had a width of 9 µs and preceded the signal pulse by 5 µs. The retrieval control pulse,
backward-propagating, is given the same shape as the optimal storage pulse, and with a
larger intensity [11].
The memory efficiency is defined as the ratio between the integration of the retrieved
signal on the backward detector and the signal without atoms on the forward detector,
corrected for the detection losses and sensitivities. The highest reproducible memory
efficiency after a storage time of one pulse width is found to be (65 ± 6)%. The large
uncertainty is owed to the necessary imperfection of the measurement of the optical
losses on the two different detection paths.
This figure more than doubles the previous recorded efficiency of 30% for an optical
Raman memory and also outperforms the maximum achievable efficiency of 54% with
Controlled-Reversed Inhomogeneous Broadening with forward retrieval [9, 27]. Although
Raman memories do not have an efficiency limit for forward retrieval [11], the time-
reversal symmetry of backward retrieval is predicted to yield a higher efficiency if the
optical depth is held constant.
Contrary to previous Raman memory experiments operating at very large detuning
with ultra-short pulses [11, 16, 28–32], the signal can be incoherently absorbed by the
excited level, which fundamentally limits the memory efficiency. At an OD of 500, we note
that this incoherent absorption accounts for more than 5% loss, which is experimentally
verified by comparing the forward detector signal with and without atoms.
3.2. Memory lifetime
The storage duration is determined by the delay of the read-out control beam, which can
be controlled at will. The memory efficiency is measured after different storage durations,
shown in Fig. 4. The memory efficiency over time is fitted by the motional dephasing
model described in [33], which derives an efficiency of the form:
η(t) = η0(
1 + (t/τD)2
)2 exp [− (t/τT )21 + (t/τD)2
]
with efficiency at zero storage duration η0 = 69±6%, diffusion and transit characteristic
times τD = 110 µs and τT = 170 µs. Figure 4(a) shows the experimental efficiency
measurement results.
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Fig. 4. a) Decay of the memory efficiency with storage time. The error bars
correspond to the standard deviation. The efficiency is fitted to a motional de-
phasing model with an initial efficiency η0 = (69 ± 6)% and diffusion and transit
times τD = 110µs and τT = 170µs, respectively. b) Storage and recall of a 360 ns
1/e2-width pulse. Photodiode signal for reference (scaled down) and recalls at
storage times t1 = 1.5µs and t2 = 41µs are shown. The characteristic decay time
corresponds to a delay-bandwidth product of 160.
3.3. Delay-bandwidth product
We have employed the same protocol for the storage of shorter pulses, demonstrating
large delay-bandwidth products with little compromise on the efficiency. To maintain
a comparable efficiency, the control beams intensity had to be increased for shorter
signal pulse widths and the memory was eventually limited by the available laser power,
as well as the optical depth of the ensemble. The highest delay-bandwidth product of
160 was obtained for a signal with a 360 ns 1/e2-width, a storage efficiency after one
pulse-width of 40% and a characteristic decay time τ = 60 µs. Figure 4(b) shows the
reference experimental photodiode signal for the pulse to be stored in the memory, and
the signals for recalls at times t1 = 1.5 µs and t2 = 41 µs.
3.4. Beam-splitting results
The implemented Raman memory can also be used as dynamically-reprogrammable
array of beam-splitters, an application first demonstrated in Raman memories in [31]
and depicted in Fig. 5. The control power was chosen weak enough to read out only
about 60% of the remaining atomic spin-wave with each recall pulse. This beam-splitting
operation enables interference between the memory read-out and another input [34,35].
This scheme of repeated weak recalls has also been shown to enable a doubly-exponential
enhancement on the scaling of continuous-variable entanglement distillation [36].
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Fig. 5. Schematic of an equivalent beam-splitter array. The input light is partially
converted to a spin-wave and the rest leaks through the atomic ensemble and is
detected on the photodiode. It is estimated about 35% of the light that is absorbed
is not mode-matched to be efficiently recalled, in this short-pulse configuration. At
the given control beam intensity, each retrieval pulse extracts only about 60 ± 4%
of the stored spin-wave, the remainder is left for a subsequent retrieval step. The
memory decay between retrievals is ignored at this time scale.
4. Discussion
Phase-matching between the spin-wave and the optical fields is known to determine the
direction of the retrieved signal [37] and has also been shown to impose a limit on the
achievable efficiency of memories in forward- and backward-retrieval configurations [28].
The memory efficiency benefits from the backward-retrieval geometry of our realisation,
as it more than doubles the record storage-and-recall efficiency for a Raman memory [14].
We have also found that the memory lifetime is limited by atomic motion, which causes
the blurring of the spin-wave. This had been predicted as a main limitation on the
backward-retrieval Raman memory scheme [28,38].
Few experiments employ elements of a symmetrical geometry in Raman systems,
although this symmetry is found to enhance the conversion of light to spin-waves [39,40].
To our knowledge, however, our realisation is the first Raman memory with backward
retrieval.
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